To evaluate the prognostic significance of the altered expression of capicua transcriptional repressor (CIC) in isocitrate dehydrogenase (IDH)-mutant oligodendroglial tumors, a cohort of 54 IDH-mutant oligodendroglial tumors (designated as the Xijing cohort) were examined by immunohistochemistry (IHC), and two public expression data sets from The Cancer Genome Atlas (TCGA; n=265) and the Gene Expression Omnibus (GEO; n=45) were analyzed in the present study. The prognostic value was evaluated by survival analysis and Cox hazards models. Overall survival (OS) was investigated with Kaplan-Meier curves and log-rank tests. Gene set enrichment analysis (GSEA) was also performed to characterize the functional profiles of each subgroup. It was revealed that in IDH-mutant, 1p/19q co-deleted oligodendroglial tumors, higher CIC expression (at mRNA and protein levels) was associated with a more favorable OS time (log-rank P-values: TCGA, P=0.034; GEO, P=0.012; Xijing cohort, P= 0.029). By contrast, among IDH-mutant, 1p/19q intact tumors, higher CIC expression was associated with poorer OS time (log-rank P-values: TCGA, P= 0.007; GEO, P=0.017; Xijing cohort, P=0.012). To the best of our knowledge, this is the first study demonstrating the distinct prognostic value of altered CIC expression with regard to the 1p/19q status among IDH-mutant oligodendroglial tumors. The dual roles of CIC may be influenced by its transcriptional regulatory activity and the consequent functional profiles. Additionally, a simple risk classification scheme based on CIC expression alone is proposed for the optimal prediction of prognosis in patients with oligodendroglial tumors.
Introduction
Oligodendroglial tumors, including oligodendrogliomas (ODs) and oligoastrocytomas (OAs), present as distinct histopathological and clinical subsets of glioma, with slow growth and a favorable prognosis (1, 2) . Oligodendroglial tumors account for <10% of the diffuse gliomas (2) . The histopathological diagnosis of these tumors is difficult: OAs with typical morphological features are histologically well defined, whereas other non-classical tumors, OAs in particular, are more challenging to diagnose due to equivocal definitions as a result of sharing oligodendroglial and astrocytic morphology, as well as the uncertainty of representative tumor sampling (2, 3) . Therefore, histological diagnosis provides inadequate prognostic information on oligodendroglial tumors, as demonstrated by markedly varied survival times among patients with similar histological features in the clinic (2) .
Like other tumors, oligodendroglial tumors develop as a result of heterogeneous genetic and molecular alterations (1) . These tumor-specific molecular abnormalities determine the clinical and biological behavior of each tumor; therefore certain molecular biomarkers may provide useful clinical information (2) . At present, two identified biomarkers for oligodendroglial tumors are mutations in isocitrate dehydrogenase (IDH)1 and IDH2 (referred to collectively as IDH), and the loss of heterozygosity of chromosome arms 1p and 19q (2) . IDH mutations are observed in 70-80% of oligodendroglial tumors and are associated with an improved survival time (2) . The complete co-deletion of 1p/19q resulting from an unbalanced translocation is present in 60-80% of ODs, whereas it is observed less frequency in OAs (10-15%) (4) ; this genetic alteration is associated with a positive outcome and response to chemotherapy (5) . The majority of 1p/19q co-deleted oligodendroglial tumors also exhibit IDH mutations (6) .
Sequencing studies have identified recurrent mutations in the Capicua transcriptional repressor (CIC) gene within 50-70% (2) of 1p/19q co-deleted oligodendroglial tumors (1, 3, 4, (7) (8) (9) (10) . CIC is situated on cytoband 19q13.2 and encodes a 164 kDa protein containing a high-mobility group box (9) . The gene was first identified as a downstream repressor of the receptor tyrosine kinase signaling pathway in regulating developmental patterning and cell fate in Drosophila (11) . Mutations in this gene are almost exclusively observed in oligodendroglial tumors (3, 7) . Certain mutations may result in CIC repression; tumors with this mutation comprise an aggressive subset of 1q/19q co-deleted gliomas (4). However, there are inconsistent reports regarding the association between CIC mutations and prognosis in patients with oligodendroglial tumors; some reported a significant survival correlation of CIC mutations whiles others did not (4, 8, 9) . Therefore, the aim of the present study was to investigate the prognostic ability of altered CIC expression level as an alternative to CIC mutation status among IDH-mutant oligodendroglial tumors with or without co-deletion of 1p/19q. (3, 9) . Therefore, an antibody specific for the C-terminus region of CIC protein (cat. no. TA590520; OriGene Technologies, Inc., Rockville, MD, USA) was used. IHC staining was performed as described previously (13); briefly, paraffin-embedded sections were deparaffinized and rehydrated, and antigen retrieval was performed. Subsequently the tumor sections were immersed in methanol containing 3.0% hydrogen peroxide for 20 min to block endogenous peroxidase activity, and incubated in 2.5% The CIC nuclear staining pattern was evaluated in a semiquantitative manner, as previously described (9) . Briefly, the protein levels were scored by multiplying the degree of intensity by percentage of stained cells, with the intensity being graded as 0 (no staining), 1 (weak), 2 (moderate) and 3 (strong), and the percentage of stained cells being classified as 0 (<10%), 1 (10-50%) and 2 (>50%). The CIC scoring was performed by two independent investigators, with any scoring disputes resolved through discussion. Investigators were blinded to the clinical data of the assessed sections, but not to the objectives of the study. The scores were designated as absent (0), weak (1 and 2), moderate (3 and 4) or strong (6) .
Patients and methods

Patients
Public datasets of oligodendroglial tumors
The cancer genome atlas (TCGA). Clinical and demographical data from 265 patients (≥18 years old) with oligodendroglial tumors carrying IDH mutations were retrieved from the TCGA data portal (https://tcga-data.nci.nih.gov/). Somatic mutations in IDH and CIC were determined by level 2 Illumina Genome Analyzer DNA Sequencing data. For the assessment of the 1p/19q status, level 3 Affymetrix Genome-Wide Human SNP 6.0 array data were analyzed within the GISTIC2.0 module at GenePattern (http://genepattern.broadinstitute.org/gp). An amplitude threshold of ± 0.2 was used. Additionally, CIC mRNA expression levels were determined using level 3 IlluminaHiSeq_RNASeqV2 data.
Gene expression omnibus (GEO).
Data from a total of 45 patients (≥18 years old) with oligodendroglial tumors carrying an IDH1 (R132) mutation or the glioma-CpG island methylator phenotype (G-CIMP) were obtained from the GEO data portal (http://www.ncbi.nlm.nih.gov/geo/) from the GSE16011 (n=30) (14) and GSE43388 (n=15) (15) datasets. The 1p/19q status was available for all samples. For each sample, CIC mRNA expression levels were determined using the log 2 -transformed RMA-normalized signal intensity from the Affymetrix Human Genome Plus 2.0 Microarray platform. In addition, expression profiles for 8 non-tumor brain tissues from the GSE16011 dataset were downloaded as controls.
Cross-dataset/platform mRNA data processing. To account for differences in systematic measurement between the distinct datasets and platforms, each set of CIC mRNA expression data was independently standardized by transforming the expression data to a mean of 0 and a standard deviation of 1, as per a previously described method (16) .
Gene set enrichment analysis (GSEA).
To assess the enrichment of gene sets within different subgroups, GSEA was performed with 1,000 permutations, as previously described (17) . Gene sets derived from the Biological Process Ontology (Molecular Signatures Database; http://software. broadinstitute.org/gsea/msigdb) were evaluated.
Statistical analysis. Overall survival (OS) time was defined as the time from diagnosis until mortality or the final follow-up. Survival data were analyzed using the Kaplan-Meier method and compared using the log-rank test. Univariate Cox regression analysis was performed to investigate the association between variables and OS time. A multiple Cox regression model was applied to investigate the independence of each prognostic indicator that was statistically significant within univariate Cox models. The associations between clinical and molecular variables were evaluated using a χ 2 test or Fisher's exact test. Differences in CIC expression between groups were assessed by a Student's t-test or Mann-Whitney U-test. The optimal threshold to separate patients into the poor or good prognostic subgroups was determined by the maximally selected rank statistics (18) . All calculations were performed with SPSS software (version 19.0; IBM Corporation, New York, NY, USA) and R software (version 3.2.5; https://www.r-project. org/). P<0.05 was considered to indicate a statistically significant difference.
Results
Expression pattern of CIC among IDH-mutant oligodendroglial tumors.
The demographical and molecular characteristics of all included patients are presented in Table I .
By comparing CIC mRNA expression between tumor and non-tumor brain tissue from TGCA, it was identified that CIC mutations were associated with decreased CIC mRNA expression levels (unpaired t-test, P<0.001; data not shown), and were almost exclusively observed in tumors with 1p/19q co-deletion (Fisher's exact test, P<0.001; data not shown). Additionally, CIC mRNA expression was increased in patients aged <50 years compared with those ≥50, but no significant difference was observed between CIC mRNA expression and sex (Fig. 1A) .
In the GEO samples, CIC expression was identified as significantly repressed in IDH-mutant oligodendroglial tumors relative to non-tumor tissue (unpaired t-test, P<0.05). Among tumors with distinct clinical or molecular features, OAs were associated with increased CIC mRNA expression compared with ODs, whereas no significant differences in CIC expression between grade II and III tumors were identified. Regarding 1p/19q status, CIC mRNA expression was significantly decreased in tumors with 1p/19q co-deletion compared with those without (Fig. 1B) .
In the IHC examination of the tumor samples, it was observed that 16 (30%), 13 (24%), 18 (33%) and 7 (13%) cases were detected with absent, weak, moderate and strong nuclear expression of CIC, respectively (Fig. 2) . All 4 cases with discrepancy were defined as weakly (n=3) or moderately (n=1) stained tumors after discussion (Three tumors were initially defined as moderately stained by one investigator but weakly stained by the other, while one tumor was initially defined as strongly stained by one investigator but moderately stained by the other). The protein expression patterns were consistent with the mRNA levels from the GEO and TGCA data (Fig. 1) co-deletion. In contrast to IDH-mutant, 1p/19q co-deleted oligodendroglial tumors, only 4 cases (3.6%) were detected with CIC mutations in those without 1p/19q co-deletion from TCGA. In this subset of oligodendroglial tumors, higher CIC expression was associated with poorer OS (median OS, higher vs. lower, 64.4 vs. 119.0 months; log-rank P=0.007; Fig. 3A ). The distinct prognostic ability was also confirmed in GEO samples (median OS, higher vs. lower, 23.8 vs. 138.8 months; log-rank P= 0.017; Fig. 3B ). Additionally, at the protein level, high nuclear CIC expression was also significantly associated with poorer OS (median OS, strong vs. lower or absent, 25.4 vs. 79.6 months; log-rank P= 0.012; Fig. 3C ). Therefore, the data collectively indicated that higher CIC expression is an unfavorable indicator for OS time among patients with oligodendroglial tumors with IDH mutations and no 1p/19q co-deletion.
Bioinformatics analysis. To explore the biological mechanisms for the observed distinct prognostic role of CIC expression level, the expression levels of previously identified genes targeted by CIC [ETS variant (ETV)1, ETV4, ETV5 and Cyclin D1] were compared within TCGA samples. It was demonstrated that among IDH-mutant, 1p/19q co-deleted oligodendroglial tumors, all the targets were significantly upregulated in the lower expression group compared with the higher expression groups (Fig. 4A) , suggesting a decrease in the transcriptional repressor activity of CIC; whereas among the IDH-mutant, 1p/19q intact tumors, the expression of the target genes was not significantly altered (Fig. 4B) , suggesting that the role of CIC in this subset of gliomas may be independent of its transcriptional regulatory activity. Furthermore, GSEA revealed that among the IDH-mutant, 1p/19q co-deleted tumors, a reduction in CIC expression was associated with the enrichment of gene signatures involved in the biosynthesis of RNA and protein, including translational initiation (P<0.0001) and biosynthetic process (P<0.0001). By contrast, among those tumors without 1p/19q co-deletion, the increase in CIC expression was 
Alerted CIC expression is an independent predictor for OS time among IDH-mutant, 1p/19q-intact oligodendroglial tumors, but not among 1p/19q co-deleted tumors.
Within IDH-mutant and 1p/19q co-deleted oligodendroglial tumors, a univariate Cox regression model revealed that patient age and CIC expression groups (for the GEO and IHC cohorts) were significantly associated with OS, whereas WHO grade, histological type, Karnofsky performance status and CIC mutations were not (Table II) . The largely consistent results from all cohorts supported the robustness of this finding. However, the multivariate Cox model demonstrated that only patient age was consistently an independent indicator (Table II) . The multivariate Cox model was not applied to IDH-mutant, 1p/19q-intact oligodendroglial tumors as only CIC expression group consistently reached statistical significance in each cohort in the univariate Cox regression models (Table III) . The data suggested that CIC expression groups may be an independent prognostic factor in this subset of gliomas; however, further validation is required. . Survival analysis revealed that patients within subgroups B and C exhibited the longest overall survival times, and patients in subgroups D the shortest, followed by subgroup A (Fig. 5) .
Accordingly, by comparing CIC expression levels within the subgroups, subgroups A and D demonstrated the lowest and highest CIC expression, respectively, whereas subgroups B and C were observed to possess similar, intermediate expression levels (Fig. 5) . Therefore, a simple classification scheme was devised based on the CIC expression of IDH-mutant oligodendroglial tumors, with the thresholds of the upper expression boundary of subgroup A and the lower expression boundary of subgroup D. According to this novel classification scheme, all patients were classified into 3 distinct prognostic subgroups regardless of the 1p/19q status; patients with intermediate CIC expression exhibited the longest survival times, followed by those with low expression, whereas patients with high CIC expression had the shortest survival times (Fig. 5) . In summary, this novel prognostic scheme may be useful for optimizing the risk classification of IDH-mutant oligodendroglial tumors.
Discussion
The CIC gene has long been implicated in the pathogenesis of oligodendroglial tumors (10) . Recurrent mutations in this gene were frequently observed in a subset of gliomas with IDH mutations and 1p/19q co-deletion. Studies have demonstrated the critical role of the genetic alterations to this gene in determining tumor biological and clinical behaviors (3, 4) . However, no consistent results have been reported regarding the association between the genetic alterations and prognosis, which critically compromises its clinical utility (7, 9) . The results of the present study revealed that, despite the overall reduced expression level, CIC mRNA expression was variable across IDH-mutant oligodendroglial tumors. It was observed that the CIC expression level was associated with different tumor types (OA or OD), the 1p/19q status and patient ages. The variable expression level also reflected the genetic status of CIC; due to the frequent loss of one copy of chromosome arm 19q, subsequent inactivating mutations in gene coding regions of the remaining copy may result in gene repression (2) . Therefore, the CIC expression pattern may be useful as an Table II . Results from the univariate and multivariate Cox regression analyses among isocitrate dehydrogenase-mutant, 1p/19q co-deleted oligodendroglial tumors. ----------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------- Variables HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value WHO grade TCGA, The Cancer Genome Atlas; GEO, Gene Expression Omnibus; HR, hazard ratio; CI, confidence interval; WHO, World Health Organization; KPS, karnofsky performance status; CIC, capicua transcriptional repressor.
alternative to detecting somatic mutations in predicting the prognosis of patients with oligodendroglial tumors.
To the best of our knowledge, the present study demonstrated for the first time the distinct prognostic value of altered CIC expression depending on 1p/19q status among IDH-mutant oliogendroglial tumors. Among tumors carrying the 1p/19q co-deletion, higher CIC expression (at mRNA and protein levels) was a favorable indicator of survival, Table III . Results from the univariate Cox regression analysis among isocitrate dehydrogenase-mutant, 1p/19q intact oligodendroglial tumors. Mutant proteins were quickly adequately degraded in those tumors, resulting in increased CIC expression in certain cases (4) . A previous study identified that mutant proteins decrease cell clonogenicity and slow tumor growth in the presence of mutant IDH proteins via the regulation of cytosolic citrate metabolism (19) . In such cases, tumors with the increased expression of mutant CIC may be associated with favorable OS. These observations support the hypothesis that quantifying CIC expression may be more useful than determining its mutation status for providing accurate prognostic information in this subset of gliomas.
Until recently, only a small number of studies focused on the roles of CIC alterations, including somatic mutations and abnormal expression, in IDH-mutant, 1p/19q-intact oligodendroglial tumors. In line with previous studies (3, 8, 9) , the results of the present study revealed a low incidence of CIC mutations and no significant association between CIC mutation and overall survival time in this subset of tumors, from TCGA. In the present study, higher CIC expression (at mRNA and protein levels) was associated with poor prognosis in IDH-mutant, 1p/19q-intact oligodendroglial tumors. This suggested a pro-oncogenic role for CIC, particularly the wild type, in the molecular context of IDH mutations and 1p/19-intact. Additionally, in this subset of gliomas, the tumor-promoting role of CIC was possibly independent of its transcriptional repression activity, as evidenced by the similar expression levels of its targets among tumors with different levels of CIC expression. GSEA analysis revealed that, in the presence of intact 1p/19q, increased CIC expression was associated with the activation of proliferative pathways. Limited data is available concerning the oncogenic role of wild-type CIC in cancer biology. CIC was rarely observed to be mutated although it was highly expressed in medulloblastoma, suggesting its relevance in tumor genesis and progression (3, 20) . Furthermore, a previous study demonstrated that wild-type CIC protein may rescue the reduction in cell proliferation caused by IDH1 mutations in the presence of intact 1p/19q (19) . The aforementioned data, along with the data of the present study, suggest a potential oncogenic role for wild-type CIC in human cancer; however, further investigation is required.
The equivocal histopathologic definition of oligodendroglial tumors results in inefficiency in their management (2) . Molecular markers have demonstrated promising value for optimizing the prediction of prognosis for patients with these types of glioma (1) . In the present study, the distinct prognostic values of CIC expression with regard to the 1p/19q status among IDH-mutant oligodendroglial tumors was demonstrated. The combination of altered CIC expression and the 1p/19q status yielded 4 distinct prognostic subgroups and provided the optimized prediction of prognosis for patients with IDH-mutant oligodendroglial tumors. Furthermore, by comparing the expression levels of CIC within the subgroups, it was identified that regardless of the 1p/19q status, CIC expression was associated with distinct prognoses; tumors with intermediate CIC expression were associated with the best outcomes, whereas those with the lowest CIC expression had less favorable outcomes and those with the highest expression had the poorest. In addition, the results from the IHC cohort suggested that this novel scheme may be accomplished by a simple but widely-used test method in the clinical setting. Therefore, a novel classification scheme based only on CIC expression level may exhibit clinical utility by providing a simple way to rapidly estimate the prognosis of patients with IDH-mutant oligodendroglial tumors without the assessment of 1p/19q status.
The reproducibility and consistency of the distinct prognostic value of CIC expression at the mRNA and protein levels across the cohorts suggest that the results of the present study are unlikely to be spurious due to technical artifacts or sample bias. However, the significance of the present study has a number of limitations. Neither mRNA quantification nor the IHC method were able to distinguish between the mutant and wide-type CIC, which brought uncertainty into data interpretation. In addition, the sample size of the IHC cohort was limited, and cytoplasmic CIC staining was not considered in IHC scoring.
In conclusion, to the best of our knowledge, the present study demonstrated for the first time the distinct prognostic value of CIC expression with regard to the 1p/19q status among IDH-mutant oligodendroglial tumors. The novel classification scheme based on the CIC expression level may be clinically useful by providing a simple and rapid estimation for the prognosis of patients with IDH-mutant oligodendroglial tumors. This study also highlighted the necessity of further investigation into the heterogeneous role of CIC, either in mutant or wild-type forms, in oligodendroglial tumors.
